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Abstract
Groups of uniform materials based on organic salts (GUMBOS), derived from thiacarbocyanine
(TC)-based dyes with increasing methyne chain lengths, were prepared through a single-step
metathesis reaction between the iodide form of the TC dye and lithium
bis(perfluoroethylsulfonyl)imide as the lipophilic anion source. Ionic self-assembly of these
fluorescent hydrophobic GUMBOS resulted in aqueous dispersions of one-dimensional micro-and
nano-scale molecular aggregates. Blended binary and ternary aggregates containing multiple TC
GUMBOS were also prepared. These nanostructures exhibited a variety of aspect ratios, affording
tunable Förster resonance energy transfer (FRET) and aggregation-dependent spectroscopic
properties.
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1. Introduction
Nanoscale aggregates of organic materials have gained widespread attention in fields such
as biomedicine and optoelectronics due to the versatility and tunability of the electronic and
photophysical properties of these materials.1 The impact of such materials in these fields and
others is expected to grow with new developments such as thin organic films in energy
harvesting and in solid-state laser technology.2 In the present work we examine dye
aggregation within molecular aggregates, specifically thiacarbocyanines. We refer to these
aggregates as molecular micro- and nano-scale aggregates to specify that their dimensions
are either several microns or below 100 nm. One-dimensional nanomaterials are defined as
those structures in which omly one dimension is confined to the nanoscale, i.e. wires, rods,
tubes.3

*
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Fluorescent one-dimensional (1-D) nanomaterials have been the subject of considerable
research over the past few years due to their potential use in fields such as nanoelectronics,
energy harvesting, and bioimaging.4 Designing such nanostructures has been achieved
through various templated and non-templated approaches. Fabrication of nanomaterials with
desired morphologies and properties through spontaneous molecular self-assembly is
particularly desirable since such strategies require neither the use of additives nor templates.
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Arrangement of organic dyes into extended supramolecular arrays is a well-established area
and is usually recognized as the result of oriented dye aggregation, arising from various
dispersive forces such as π-π, cation-π, electrostatic, ion-dipole, hydrophobic, and
hydrogen bonding interactions between individual dye molecules.5 As a result, coupled
optical transitions often occur, leading to the formation of a diversity of aggregates, each
with unique spectral properties. Dye aggregates are often classified based on the type or
directionality of intermolecular stacking. Head-to-tail molecular stacking is characterized by
a narrow, bathochromically-shifted (red-shifted) absorption band as compared to the
monomeric dye and these aggregates are referred to as J-aggregates. Such J-aggregates
typically exhibit a small Stokes shift and enhanced fluorescence with fluorescence lifetimes
shorter than the corresponding monomeric species.6 Dye aggregates formed through a “cardpack” type of intermolecular stacking are characterized by a hypsochromically-shifted (blueshifted) broad absorption and are referred to as H-aggregates. These aggregates exhibit a
large Stokes shift and strongly quenched fluorescence.7 Both aggregation types have been
well explained by Kasha8 and Davydov.9 It is also well established that J- and Haggregations are influenced by environmental factors such as dye concentration, pH,
temperature, salts, surfactants and (poly)electrolytes, accordingly offering numerous
pathways for tailoring.10 The study of dye aggregation has led to seminal developments in a
wide range of areas including molecular imaging,11 photodynamic therapy,12 polarizing and
non-linear optics,13 laser technology,14 and dye-sensitized solar cells.15
Cyanines, a family of versatile dyes which were initially used in the photographic industry,
have received particular attention in the study of dye aggregation. Their aggregation
behavior has been investigated in solution16 as well as in thin films,17 hybrid organoclays,18
and electrospun fibers.10 To date, however, there have only been a handful of reports on the
synthesis and application of nanomaterials containing cyanine dyess.19
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Our group has recently reported on a class of polyionic nanomaterials we have come to refer
to as “groups of uniform materials based on organic salts”, or hereafter simply
“GUMBOS”.20 These GUMBOS are designer salts comprising bulky organic ions arranged
in a disordered ionic lattice and have melting points that typically fall between room
temperature and 250 °C. A solid-state analog of ionic liquids, physicochemical and
functional properties of GUMBOS can be tailored through the appropriate selection of their
respective cations and anions. A variety of these materials have been prepared with
fluorescent, magnetic, and tumor-targeting properties.20b, 21 One of our studies
demonstrated the preparation of near-infrared (NIR) fluorescent GUMBOS by ion-pairing a
commercially-available cationic cyanine dye with one of various hydrophobic anions.20c
Nanoparticles prepared from these NIR compounds showed illustrative potential as contrast
agents for labeling monkey kidney fibroblast (Vero) cells. In another study, the aggregation
and corresponding spectral properties of the NIR organic salts were systematically tailored
by simply selecting from a variety of different hydrophobic anions.20d More recently we
reported on a templated method for the preparation of -1D nanostructures from rhodaminebased GUMBOS.22
The current study provides a facile route to examples of 1D nano- and microscale
morphologies derived from a series of thiacarbocyanine (TC)-based GUMBOS with
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distinctive and attractive photoluminescent features. Nanomaterials derived from a series of
thiacyanine iodide dyes bearing different alkyl side-chain lengths have been previously
reported. In one particular study by Takazawa, dye molecules were dissolved in water at
elevated temperature, allowing for self-assembly into nanowires under controlled-cooling
conditions.19a In a later study from the same author, microrings were obtained through
surface-assisted self-assembly of similar dyes.19b The resulting thiacyanine nanowires and
microrings exhibited interesting optical waveguide properties, allowing them to function as
suitable candidates for signal transduction in microelectronics devices. In another study,
nanoparticles were prepared from a thiatricarbocyanine iodide dye using a reprecipitation
approach in a variety of “bad” solvents to yield nanoparticles of various shapes and sizes.23
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Unlike dye aggregates which are typically encountered in solution at concentrations in the
millimolar range, the nano- and micro-sized aggregates discussed here are formed in water
at low micromolar concentrations. Thus, these concentrations are significantly lower than
those typically observed for formation of aggregates. The micro- and nano-scale aggregates
reported herein are obtained in solution as they are formed by reprecipitation, after rapidly
injecting a small amount of TC dissolved in a dissoluting solvent into a non-solvent. This
study reports a straightforward anion-exchange procedure for synthesizing TC-based
GUMBOS characterized by different spectral properties. The overall morphology of microand nano-scale structures subsequently obtained via room temperature reprecipitation24 was
dependent upon the particular TC dye chosen. Notably, the [BETI−] anion was selected to
impart pronounced hydrophobicity to the GUMBOS as compared to their iodide counterpart,
facilitating the formation of ionically self-assembled25 micro- and nano-scale aggregates in
water at a 103-fold lower dye concentration (i.e, 2 µM) than reported previously. Studies
employing transmission and scanning electron microscopy (TEM and SEM, respectively)
imaging reveal that varying the methyne chain lengths exerts profound influence over the
relative dimensions of the aggregates formed. Multi-luminophore aggregates consisting of
blends of two or three different TC species were prepared and found to exhibit different
types of dye aggregation (J-, H-, and random) and Förster Resonance Energy Transfer
(FRET) between dyes within the aggregates. To the best of our knowledge, this represents
the first example clearly illustrating FRET based on organic nanomaterials derived wholly
from structural analogs of the same parent dye. These nano and microscale blends with their
unique and highly tunable spectral properties represent promising candidates for
applications in areas including optoelectronics, bioimaging, energy harvesting, and
biochemical sensing.

2. EXPERIMENTAL SECTION
NIH-PA Author Manuscript

2.1 Chemicals
The thiacarbocyanine (TC) dyes 3,3’-diethylthiacyanine iodide ([TC0][I]), 3,3’diethylthiacarbocyanine iodide ([TC1][I]), and 3,3’-diethylthiadicarbocyanine iodide ([TC2]
[I]), as well as the deuterated solvents chloroform-d1 and dimethyl sulfoxide-d6, were
purchased from Sigma-Aldrich (Milwaukee, WI). HPLC grade organic solvents, including
acetonitrile, tetrahydrofuran, ethanol, methanol and dichloromethane, were acquired from
J.T. Baker (Philipsburg, NJ). Triply-deionized ultrapure water (18.2 MΩcm) was obtained
using an Elga model PURELAB ultrapure water filtration system. Lithium
bis(pentafluoroethane)sulfonimide salt was a generous gift from 3M. All reagents were used
without further purification.
2.2 Synthesis and Characterization
The TC GUMBOS were prepared utilizing a metathesis reaction between thiacarbocyanine
iodides and lithium bis(pentafluoroethane)sulfonimide at a molar ratio of 1 to 1.1. The
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reaction was performed in a biphasic mixture of water and dichloromethane (1:5, v/v) under
stirring for 24 h. Afterwards, the organic phase containing the TC GUMBOS was washed
several times with distilled water to remove residual LiI byproduct. Finally, the GUMBOS
were isolated by solvent removal using rotary evaporation.
These TC-based salts were characterized with nuclear magnetic resonance (H1, C13, and
F19-NMR) and high-resolution mass spectrometry (HR-MS). The results are shown in
Figures S1 and S2, respectively. H1- and C13-NMR spectra of the GUMBOS revealed peaks
similar to those of the thiacarbocyanine iodide parent compound, confirming the presence of
[TC]+ cations after ion-exchange. Two peaks were observed in F19-NMR spectra, with
chemical shifts of −78.9 Hz and −117.7 Hz, both of which are characteristic of the presence
of the [BETI−] anion. Additional characterization was performed using HR-MS on an
Agilent 6210 electrospray ionization time-of-flight instrument. In positive-ion mode, intense
peaks with m/z of 339.10, 365.13, and 391.14 were observed, corresponding to molecular
weights for the [TC0+], [TC1+], and [TC2+] cation, respectively. In negative-ion mode a
peak was observed at 379.91 m/z characteristic of the [BETI−] anion.
2.3 Preparation of TC-based Micro- and Nano-structures
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The TC-based micro- and nano-scale molecular aggregates were prepared using a wellknown reprecipitation method at room temperature.26 In brief, ethanolic solutions at a
GUMBOS concentration of 0.1 mM were prepared and 100 uL aliquots were added to 5 mL
of distilled water under sonication (BRANSON 3510RDTH model bath ultrasonicator, 335
W, 40 kHz frequency) for 5 min. The resulting solutions were left to equilibrate for 10 min.
As a result 1-D micro- or nano-scale aggregates were formed from an initial dye
concentration of 2 µM, with each TC dye yielding a unique morphology with its associated
spectral properties as evidenced by electron microscopy and spectral analysis.
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Blended nanoscale molecular aggregates containing multiple TC luminophores were
similarly prepared from mixtures of ethanolic stocks consisting of the desired TC
GUMBOS. By our nomenclature, [TC01][BETI] denotes GUMBOS formed from a
precursor solution of [TC0+] and [TC1+] subjected to the reprecipitation process, [TC02]
[BETI] is formed from [TC0+] and [TC2+], and so on. The molar ratios of TC precursor
solutions (0.1 mM) were varied to examine the effect of concentration on spectral properties
and morphologies of blended nanostructures,. Thus binary materials with molar ratios of
1:100, 10:100, 100:100, 100:10, and 100:1, respectively were prepared, where 100 and 1,
represent concentrations of 2 µM and 0.02 µM for the initial TC dye concentration in the
aggregate. Similarly molar ratios of 100:10:10, 10:100:10, 10:10:100, and 100:100:100 for
each TC GUMBOS were employed for the ternary blend [TC012][BETI]. TEM images of
the binary and ternary nanostructures are provided in Figure 3.
2.4 Optical Spectroscopy
The spectral properties of these TC-based micro- and nano-sized self-assemblies were
investigated by use of absorbance and fluorescence spectroscopies. Absorbance
measurements were performed on a Shimadzu UV-3101PC UV-vis-NIR scanning
spectrometer (Shimadzu, Columbia, MD). Fluorescence emission was collected using a
Spex Fluorolog-3 spectrofluorimeter (model FL3-22TAU3); Jobin-Yvon, Edison, NJ). Both
fluorescence and absorbance were acquired using a 0.4 cm3 quartz cuvet (Starna Cells) and
water as the blank.
2.5 Lifetime instrumentation
Fluorescence lifetime measurements were performed at Horiba Jobin Yvon, NJ using time
domain mode. A picosecond pulsed excitation source of 408 nm and 495 nm were used
J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 April 12.
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respectively with TBX detector. Data acquisition was carried out using time-correlated
single-photon counting (TSCPC) mode with a resolution of 7 ps/channel.
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2.6 Calculations of Förster Resonance Energy Transfer (FRET) Parameters
The spectral overlap integrals for the various TC pairs were calculated using the formula
(1)

where J(λ) is the overlap integral, ε is the extinction coefficient of the acceptor, f is the
normalized emission spectrum of the donor, and λ is the wavelength. The energy transfer
efficiencies were calculated based on the formula
(2)

where FDA and FD represent the integrated fluorescence intensity of the donor in the
presence and absence of acceptor, respectively.27 The J(λ) and E values are compiled in
Table 1.
2.7 Electron and Fluorescence Microscopy
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Electron microscopy images of the TC-based nanostructures were captured using a
SM-6610, JSM-6610LV high- and low-vacuum scanning electron microscope (SEM) and a
JEOL 100CX transmission electron microscope (TEM). Fluorescence images were obtained
using a Leica TCS SP2 scanning laser confocal system with a 63 × NA 1.4 lens. Images
(1024 × 1024 pixels) were acquired based on six averages.

3. RESULTS AND DISCUSSION
3.1 Characterization of TC-based Micro- and Nanostructures

NIH-PA Author Manuscript

Electron microscopy (TEM and SEM) images of the TC micro- and nano-scale molecular
aggregates obtained via reprecipitation are shown in Figure 1 and 2, respectively. Rodlike
[TC0][BETI] aggregates with diameters of 0.82 ± 0.13 µm and lengths of 2.42 ± 0.20 µm,
for an aspect ratio near three were found. Close examination of the SEM images of Figure 2
reveals that some of these aggregates exhibit semi-tubular features. In the case of [TC1]
[BETI], the aspect ratios of the aggregates vary widely, exhibiting both rod and wirelike
morphologies with diameters of 153 ± 74 nm and lengths of 0.53 ± 0.16 µm. Finally, welldefined [TC2][BETI] wires-shaped aggregates are obtained with diameters of 137 ± 37 nm
and lengths of 3.16 ± 1.13 µm.
TC-based GUMBOS with different anions such as [BF4−], [PF6−] and tetraphenylborate
([TPB–]) were prepared as controls. In contrast to the [BETI−]-based GUMBOS, these
compounds failed to self-assemble into either defined 1-D aggregates or any specific
morphology for that matter. Thus, the formation of micro and nanoscale aggregates is
clearly linked to a unique and favorable association between [TC+] cations and [BETI−]
counter ions. A further series of control experiments performed using the iodide precursors
of the TC dyes (i.e., [TC0][I], [TC1][I], [TC2][I]) revealed that only [TC0][I] yielded 1-D
nanoscale aggregates upon reprecipitation. We note that the final solution concentration of
[TC0][I] used in this experiment, was three orders of magnitude lower than previous reports
on the preparation of nanowires from similar dyes.19a The TC-based molecular aggregates
reported in this work have another distinct advantage in that they can be prepared at room
temperature in only a handful of minutes employing a very simple and general
reprecipitation approach.
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3.2 Spectral Properties of TC-based Micro- and Nanostructures
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The absorbance properties of the TC materials were measured at dye concentrations
equivalent to 2 µM in water. Based on solution electronic absorption measurements, the
maximum absorbance wavelengths for [TC0][BETI], [TC1][BETI], and [TC2][BETI]
structures were 423 nm, 557 nm, and 649 nm, respectively, consistent with the increased
conjugation across the series (Figure 3). In addition to the absorption maximum, [TC1]
[BETI] aggregates exhibited a red-shifted peak at 631 nm representative of J aggregation.
An additional blue-shifted peak was observed at 475 nm for the [TC2][BETI] spectrum,
characteristic of H aggregation. Fluorescence spectroscopic measurements were also
performed for the TC nanostructures. Dispersions of [TC0+]-, [TC1+]-, and [TC2+]aggregates were excited at 423 nm, 541 nm, and 644 nm, respectively. Their corresponding
emission maxima were recorded at 464 nm, 564 nm, and 664 nm.
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In addition to spectroscopic analysis, dispersions of TC-based micro- and nano-scale
aggregates were also investigated using fluorescence microscopy. [TC0][BETI]
microparticles excited using a 488-nm argon-ion laser line yielded strong emission in the
green, as shown in Figure 4a. Likewise, [TC1][BETI] nanowires and rods excited by a 543
nm laser displayed red luminescence (Figure 4b). In the case of [TC2][BETI], the nanowires
were excited using a 633 nm laser and imaged in the NIR (650–750 nm). A false-colored
image of these nanostructures is given in Figure 4c. It should be noted that these various
nanoscale aggregates exhibited bright, dye-specific fluorescence, suggesting possible
avenues in multi-color imaging.
3.3 Binary and Ternary TC-based Nanostructures
Biomimetic photosystems of cyanine triads have been previously reported.28 Oppositelycharged polyelectrolytes that self-assembled into capsules served as templates to which
negatively-charged thiacyanine dyes could adhere, allowing for FRET to occur between the
exterior and interior of the capsule.
In the present study, molecular aggregates from TC blends were prepared by coprecipitation of a mixture of TC GUMBOS, resulting in structures containing multiple TC
dyes, making the prospect of FRET an intriguing possibility. Verification for the formation
of intimately blended nanostructures was evidenced through examination of TEM images
with comparison to physical mixtures of pre-formed aggregates prepared from the individual
TCs. Dual- and multi-luminophore aggregates possessing different morphologies and
spectral features were observed in the case where a dye mixture is subjected to
reprecipitation conditions.
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3.3.1. Electron Microscopy Studies—TEM micrographs were obtained of the blended
binary and ternary nanomaterials for different molar ratios (Figure 3). Interestingly the
morphologies of the nanostructures seemed to be highly dependent on the concentrations of
TC dyes, i.e. higher ratios of [TC0+] resulted in increasing lengths and diameters of the
aggregates, similar to [TC0][BETI] microstructures. Likewise higher ratios of [TC1+] lead
to decreasing length and diameter of the structures, as was the case with [TC1][BETI]
nanostructures. The corresponding lengths and diameters of the blended nanostructures at
different dye ratios are depicted in Figure 4.
3.3.2. Absorption Spectroscopy Studies—Absorption spectra for binary ([TC01]
[BETI], [TC02][BETI], [TC12][BETI]) and ternary ([TC012][BETI]) nanostructures were
obtained at various molar ratios of individual fluorophores. The respective absorption
spectra are provided in Figure 7. These data clearly indicate that the absorption features of
the individual TC-based dyes are retained within the blended nanostructures with the
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appearance of additional peaks in some cases. For example, [TC01][BETI] exhibits two
monomer peaks of the parent TC dyes at 423 nm and 557 nm respectively. At higher molar
concentrations of [TC1+] (100) a red-shifted peak corresponding to J aggregation was also
observed at 631 nm. For [TC02][BETI] the monomer peaks of [TC0+] and [TC2+] were
observed at 423 nm and 649 nm, respectively. In addition, two blue-shifted peaks were
observed for [TC2+] at 475 nm and 567 nm which are indicative of H aggregation. The peak
observed at 475 nm appeared to be relatively sharp, suggesting a possible twisted H
aggregation. For [TC12][BETI] the monomer peaks of [TC1+] and [TC2+] were observed at
557 nm and 649 nm respectively. H aggregation was observed for [TC2−] with a distinctive
red-shifted peak at 475 nm appearing at higher molar ratios of this species (100).
Interestingly J aggregation was also observed at certain molar ratios. A characteristic peak at
753 nm was observed for molar ratios of 100:100 and 100:10 between [TC1+] and [TC2+].
[TC012][BETI] exhibits a complex absorption profile containing features representative of
the individual TC-based species. Similar to [TC12][BETI], J aggregation was also observed
for [TC012][BETI] at a molar ratios of 100:100 and 100:10.
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3.3.2. Fluorescence Spectroscopy Studies—Fluorescence spectroscopy was used to
study the spectral properties and examine the possibility of FRET within the binary as well
as the ternary TC-based nanostructures. The emission spectra for these blended TC
aggregates are shown in Figure 8. The most pronounced decrease in donor fluorescence was
observed at higher molar ratios of donor and acceptor species. The overlap integral, J(λ),
and energy transfer efficiencies, E, for these blended TC nanostructures in water were
calculated using equation 1 and 2, respectively and are found in Table 1.
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It appears from these calculations that the J(λ) value for [TC12][BETI] is the highest,
followed by the value determined for [TC01][BETI] which is itself over twice that in
[TC02][BETI]. The energy transfer efficiency for [TC12][BETI] is also the highest in the
binary blends at roughly 49%. Interestingly, the fluorescence yield of the acceptor followed
excitation of the donor is found to be enhanced in some cases whilst remaining unaffected in
other systems. For instance, in the case of [TC01][BETI], [TC02][BETI], and [TC012]
[BETI], it was observed that, upon excitation of the [TC0+] donor, the donor fluorescence
decreased with respect to the pure donor concomitant with an enhanced acceptor emission
relative to lone acceptor, predictable FRET behavior. In [TC01][BETI], two peaks were
observed for the acceptor at a molar ratio of 100:100 for the individual TC dyes. The peak at
583 nm is believed to be that of the monomer species, while the second at 613 nm is
associated with J aggregation. As the relative concentration of the donor species [TC0+] is
reduced (10:100 and 1:100), the intensity of the acceptor monomer species [TC1+] decreases
significantly, while that of the J aggregate is still present upon excitation of the donor. This
finding suggests that the fluorescence emission around 583 nm is the result of FRET
between [TC0+] and [TC1+]. Alternatively, higher fluorescence intensity is recorded for the
acceptor monomer species when the relative concentration of this species is reduced (100:1
and 100:10). It seems FRET is no longer distributed evenly between the acceptor monomer
species and the J aggregate, rather it is restricted to the monomer species. As a result, an
increase in fluorescence intensity at 583 nm for the monomer peak is observed.
In [TC02][BETI], FRET was observed at higher relative concentrations of the donor species
[TC0+] (100). At lower concentrations of [TC0+], energy transfer was not observed. In
comparison to [TC01][BETI], the observed FRET appeared to be lower at all ratios. These
findings are believed to be the result of a smaller overlap integral (Table 1) and the
occurrence of H aggregation in [TC2+] at higher molar ratios. Therefore similar fluorescence
intensity observed for [TC02][BETI] at a molar ratio of 100:10 and 100:100 can be
attributed to occurrence of these non-fluorescent H aggregates.
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[TC12][BETI] exhibited maximum FRET for the 100:100 molar ratio with the most
significant decrease in donor intensity and increase in acceptor intensity. There appeared to
be no FRET between the monomer emission of [TC1+] and the absorption of the J aggregate
of [TC2+] due to the absence of spectral overlap between both. Lower concentration of the
acceptor (100:10) resulted in a reduced FRET as can be seen in a decrease in energy transfer
efficiency and intensity of the donor emission. Interestingly for the molar ratio of 100:1 a
red-shifted emission was recorded with high fluorescence intensity at 707 nm. This emission
peak appears to be the result FRET between the donor and acceptor species.
The ternary [TC012][BETI] system revealed significant energy transfer efficiency for higher
concentrations of [TC0+] at molar ratios of 100:100:100 and 100:10:10. FRET appeared to
be more apparent in the former, where a higher intensity was recorded for the [TC1+]
species. Similarly, energy transfer from [TC1+] to [TC2+] appeared to be more prominent at
this molar ratio (100:100:100). However, some H aggregation is believed to occur, limiting
a drastic increase in acceptor fluorescence as was observed in [TC01][BETI]. When the
[TC0+] concentration was decreased, FRET from [TC0+] to [TC1+] was very low. At a
molar ratio of 10:100:10, an additional red-shifted peak was observed at 712 nm, suggesting
FRET between [TC1+] and [TC2+], similar to [TC12][BETI] (100:1).
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Thus it appears that FRET was found to occur within the binary and ternary blends and was
favored at higher concentrations of TC species. In addition, non-fluorescent H-aggregates
involving the acceptor within blended nanostructures appeared in [TC02][BETI] and
[TC012][BETI], resulting in traps which open up additional non-radiative pathways of
energy loss.
3.4 Fluorescence Lifetime Analysis

NIH-PA Author Manuscript

Binary and ternary TC-based nanostructures were further analyzed using fluorescence decay
analysis. Excited-state decay data were analyzed in terms of a multi-exponential decay
model and the recovered parameters are summarized in Table 2. Excited-state lifetimes were
determined for structures consisting of single-species ([TC0][BETI] and [TC1][BETI]) as
well as multiple species ([TC01][BETI], [TC02][BETI], and [TC012][BETI]). In the case of
[TC0][BETI], two discrete excited-state lifetimes were observed which we attribute to the
approximately equal contributions from J-aggregates (681 ps, 47%) and monomeric species
(1.55 ns, 52%). The [TC1][BETI] nanostructures exhibited a much shorter average lifetime
resulting from the prevalence of J-aggregation (96 %) which exhibited an apparent lifetime
of 158 ps. Comparable lifetimes have been reported for thia(carbo)cyanines in other
systems.29 The lifetimes of the binary and ternary TC-based nanostructures were all similar
to that in the [TC1][BETI] nanostructures. These results support our claim for the
occurrence of FRET within these GUMBOS.

CONCLUSIONS
Thiacarbocyanine-based GUMBOS were successfully prepared through a facile anionexchange reaction. The iono-hydrophobic properties of these materials facilitate a room
temperature preparation of 1-D structures on the micron and nanoscale via a straightforward
reprecipitation at ultradilute (i.e., micromolar) dye concentrations. The micro- and nanoscale molecular aggregates were rapidly obtained through spontaneous formation of ionic
self-assemblies. Binary and ternary aggregates were similarly obtained by intimately mixing
multiple TCs prior to initiating the reprecipitation. These materials exhibited tunable
spectral properties as a result of efficient FRET, as well as changes in dye aggregation
within the blended materials, which was most pronounced at higher molar ratios of the TCs.
The highest energy transfer efficiency was obtained from [TC1+] to [TC2+]. Measurement
of the fluorescence lifetimes of the binary and ternary nanoscale aggregates confirmed the
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stationary-state results suggesting the occurrence of FRET. Further studies are being
conducted to better understand and improve the FRET efficiency, aggregation-induced
fluorescence changes in similar cyanine dye nanostructures, and multi-color multiluminophore aggregates. The TC-based aggregates reported here, and especially their
tunable spectral properties, offer potential applications in optoelectronics, (bio)chemical
sensing, and bioimaging.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TEM micrographs of (A) [TC0][BETI], (B) [TC1][BETI], and (C) [TC2][BETI] aggregates.
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Figure 2.

SEM micrographs of (A) [TC0][BETI], (B) [TC1][BETI], and (C) [TC2][BETI] aggregates.
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Figure 3.

TEM micrographs of nanoscale aggregates of (A1–E1) [TC01][BETI], (A2–E2) [TC02]
[BETI], (A3–E3) [TC12][BETI] at ratios of 0.01, 0.1, 1, 10, and 100 respectively and (A4–
E4) [TC012][BETI] at ratios of 10:1:1, 1:10:1, 1:1:10, and 10:10:10.
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Figure 4.

Length (A) and diameter (B) of nanoscale aggregates at various ratios of precursors (1)
[TC01][BETI], (2) [TC02][BETI], (3) [TC12][BETI] and (4) [TC012][BETI.
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Figure 5.

Normalized UV-Vis and fluorescence emission spectra of nanoscale aggregates of (A)
[TC0][BETI] , (B) [TC1][BETI], and (C) [TC2][BETI]. Absorption maxima are 423 nm
([TC0]0 = 2 µM), 541 nm ([TC1]0 = 2 µM), and 644 nm ([TC2]0 = 2 µM) respectively.
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Figure 6.
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Fluorescence micrograph of (A) [TC0][BETI] aggregates (Excitation was performed with a
ArKr laser at 488 nm and emission was collected between 500 and 578 nm), (B) [TC1]
[BETI] aggregates (Excitation was performed with a green HeNe laser at 543 nm and
emission was collected between 555 and 700 nm), (C) [TC2][BETI] aggregates (Excitation
was performed with a HeNe laser at 633 nm with emission collected between 650 and 750
nm). Images were pseudo-colored blue in order to distinguish them from the [TC1][BETI]
aggregates.
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Figure 7.
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Normalized UV-Vis spectra of (A) [TC01][BETI], (B) [TC02][BETI], (C) [TC12][BETI],
and (D) [TC012][BETI] binary and ternary aggregates at different molar ratios.
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Figure 8.

Fluorescence spectra of (A) [TC01][BETI], (B) [TC02][BETI], (C) [TC12][BETI], and (D)
[TC012][BETI] binary and ternary aggregates at different molar ratios.
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Scheme 1.

Thiacarbocyanine GUMBOS
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Table 1

Overlap integrals (J(λ)) and energy transfer efficiencies (E) of various TC donor (D)-acceptor (A) pairs.
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D-A pair

J(λ)

E

TC01

2.07 × 10−13

30.3%

TC12

2.78 × 10−13

49.1%

TC02

9.56 × 10−14

30.2%

TC012

–

45.0%, 61.4%
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47% (J)
52% (M)
1%
96% (J)
3% (M)
1%
96%
4%
<1%
99%
1%
<1%
99%
1%
<1%

τ1 = 681 ps
τ2 = 1.55 ns
τ3 = 5.14 ns

τ1 = 158 ps
τ2 = 7.59 ns
τ3 = 2.37 ns

τ1 = 135 ps
τ2 = 1.07 ns
τ3 = 4.34 ns

τ1 = 104 ps
τ2 = 1.19 ns
τ3 = 5.3 ns

τ1 = 75 ps
τ2 = 1.46 ns
τ3 = 5.83 ns

[TC1][BETI]

[TC01][BETI]

[TC02][BETI]

[TC012][BETI]

Pre-exponential
factor

[TC0][BETI]

Lifetime

82%
10%
8%

81%
12%
7%

67%
22%
11%

80%
15%
5%

27%
68%
5%

Amplitude

92 ps

128 ps

191 ps

167 ps

1.19 ns

Average
lifetime

1.25

1.27

1.30

1.03

1.08

χ2

Recovered intensity decay parameters for single- and multi-luminophore micro and nanoscale aggregates based on TC parent ion structures.
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